Abstract The adenosine 5′-triphosphate (ATP)-gated P2X7 receptor is a membrane-bound, non-selective cation channel, expressed in a variety of cell types. The P2X7 senses high extracellular ATP concentrations and seems to be implicated in a wide range of cellular functions as well as pathophysiological processes, including immune responses and inflammation, release of gliotransmitters and cytokines, cancer cell growth or development of neurodegenerative diseases. In the present study, we identified natural compounds and analogues that can block or sensitize the ATP (1 mM)-induced Ca 2+ response using a HEK293 cell line stably expressing human P2X7 and fluorometric imaging plate reader technology. For instance, teniposide potently blocked the human P2X7 at sub-miromolar concentrations, but not human P2X4 or rat P2X2. A marked block of ATPinduced Ca 2+ entry and Yo-Pro-1 uptake was also observed in human A375 melanoma cells and mouse microglial cells, both expressing P2X7. On the other hand, agelasine (AGL) and garcinolic acid (GA) facilitated the P2X7 response to ATP in all three cell populations. GA also enhanced the YO-PRO-1 uptake, whereas AGL did not affect the ATP-stimulated intracellular accumulation of this dye. According to the pathophysiological role of P2X7 in various diseases, selective modulators may have potential for further development, e.g. as neuroprotective or antineoplastic drugs.
Introduction P2X receptors form a family of seven subtypes, referred to as P2X1 through P2X7. They assemble into trimeric ligandgated cation-permeable ion channel complexes that can be activated by extracellular adenosine 5′-triphosphate (ATP) (for review, see [1, 2] ). The P2X7 receptor, predominantly expressed in cells of hematopoietic lineages, including macrophages, lymphocytes and microglia, seems to be the most divergent member of the P2X receptor family in terms of its individual structure, pharmacology and function [3, 4] . Besides its large size (595 amino acids) and long cytoplasmic C terminus that may interact with other signalling proteins, activation of this subtype requires rather high concentrations of extracellular ATP. The channel activity is poorly desensitising, and prolonged or repeated exposure to ATP typically results in a pore formation, allowing large organic cations to enter the cell and eventually triggering cell death [1, 5] . Several mechanisms have been proposed for the channelto-pore transition, which may be caused by intrinsic properties of P2X7 or by P2X7-associated proteins ( [6] and references therein). P2X7 activation affects a wide range of cellular functions, such as changes in the intracellular concentrations of Ca 2+ or K + , release of gliotransmitters and cytokines, phagocytosis, cell proliferation or death. Therefore, this receptor may play an important role in the development of various diseased states, including inflammation, neuropathic pain and a number of neurological disorders [7] [8] [9] . In addition, P2X7 splice variants may alter receptor expression and function [10] . Furthermore, both loss-of-function and gain-of-function P2X7 polymorphisms have been described. Some of them are associated with different pathologies, including tuberculosis, Crohn's disease or bipolar affective disorders (reviewed by [10] ). Genetically engineered mouse models lacking P2X7 expression in distinct tissues showed an attenuation of the release of pro-inflammatory cytokines [11] , thereby decreasing the incidence and severity of arthritis [12] and reducing inflammatory and neuropathic pain sensitivity [13] . Thus, the P2X7 has attracted considerable interest as a therapeutic target [7, 14] . P2X7 ligands, in particular selective antagonists, have recently become available and allow preclinical and clinical studies in inflammatory and immune-mediated disorders [9, 15, 16] .
On the basis of the screening of a compound library that comprises about 2,300 biologically active and structurally diverse compounds including 800 natural products, the present study focused on the identification of novel P2X7 modulating natural compounds. Consequently, we have identified several compounds that selectively block or sensitize the ATPtriggered P2X7 activation in stably transfected HEK293 cells, the A375 human melanoma cell line and L929-conditioned mouse microglial cells endogenously expressing the P2X7 using fluorometric Ca 2+ measurement and YO-PRO-1 uptake assays. In this study, we provide evidence for concentrationdependent P2X7 inhibition by teniposide (TN), a semisynthetic derivative of podophyllotoxin derived from American may-apple, as well as positive modulatory effects by agelasine (AGL) and garcinolic acid (GA), isolated from Garcinia trees and marine sponges, respectively, as the most striking compounds of the tested library.
Materials and methods

HEK293 and A375 melanoma cells
Human embryonic kidney 293 cells stably transfected with the human P2X7 receptor (HEK hP2X7 ) were cultured in Dulbecco's modified Eagle Medium (DMEM; c.c.pro, Oberdorla, Germany), containing 4.5 g/l D -glucose and supplemented with 10 % foetal calf serum (FCS, Biochrom, Berlin, Germany), 2 mM L -glutamine (Sigma-Aldrich, Taufkirchen, Germany) and 50 μg/ml geneticin (Invitrogen, Karlsruhe, Germany). Cells were grown in a humidified incubator at 37°C in an atmosphere supplemented with 7 % CO 2 . Similarly, HEK293 cells stably transfected with the human P2X4 receptor (HEK hP2X4 cells) were cultured in a similar medium, containing 400 μg/ml geneticin. To obtain a stably transfected HEK rP2X2 , the rat P2X2 receptor was stably and inducibly expressed in a HEK293 Flp-in cell line (Invitrogen), cultured in DMEM in the presence of 15 μg/ml blasticidin and 100 μg/ml hygromycin. Expression of the transgene was induced by supplementing the medium with 1 μg/ml tetracycline 24 h prior to the experiments.
The A375 human melanoma cell line (kindly provided by Dr. U. Anderegg; Department of Dermatology, University of Leipzig, Germany) was cultured in RPMI-1640 medium (PAA Laboratories, Pasching, Austria), supplemented with 10 % FCS, 2 mM L -glutamine, 100 μg/ml streptomycin and 100 IU/ml penicillin at 37°C in a humidified atmosphere containing 5 % CO 2 .
Microglial cell preparation P0 to P4 C57BL/6 mice and P2X7 −/− -C57BL/6 mice were used. Brain tissue extraction were notified and conducted in accordance with the German guidelines for the care and use of animals in biomedical research. Briefly, brain fragments were mechanically dissociated and triturated through a glass Pasteur pipette to obtain single cells, and mixed glial cell cultures as described [17] . Suspended cells of maximal three whole brains from neonatal mice were cultured in complete DMEM supplemented with 10 % FCS, 100 μg/ml streptomycin and 100 IU/ml penicillin in poly-L-lysine-coated 75-cm 2 cell culture flasks at 37°C in a humidified atmosphere (5 % CO 2 ). After 24 h, cultures were washed three times with phosphate-buffered saline (PBS, Invitrogen), and medium was changed every other day. After 7 days of cultivation, a confluent astrocyte cell layer has been formed. Cultures then received complete medium supplemented with 30 % of L929-conditioned culture supernatant (L929 mouse fibroblast cells were kindly provided by Prof. U.-K. Hanisch, Institute of Neuropathology, Georg-August-University, Göttingen; the supernatant was prepared as described by Regen et al. [17] . After 5-7 days, microglial cells were knocked off carefully from the astrocyte cell layer (that remained adherent on the bottom of the flasks) and harvested every 7 days (two to three times), counted and used for experiments. The purity of the microglial cells was controlled with rabbit anti-mouse Iba-1 response is known to disappear within 1-2 min and therefore was not registered due to the time delay at the onset of measurements. Since replenishment of intracellular Ca 2+ stores was allowed to occur, it can be suggested that the observed sustained elevation of [Ca 2+ ] i was solely due to P2X7 activation. This assumption was fostered by the observation that established P2X7 antagonists abrogated the ATP-triggered increases in [Ca 2+ ] i. . Data were normalized to the baseline values before ATP application (F /F 0 ).
YO-PRO-1 uptake assay
The permeation of large cationic dyes through P2X7-associated or dilated pores was tested using the YO-PRO-1 uptake assay. The procedure was similar to the fluorometric [Ca 2+ ] i measurements, but a no-DIC HBS buffer was used. YO-PRO-1 (final concentration 1 μM; Invitrogen) was added to the cell suspension immediately before the cells were dispensed into 384-well microwell plates that were prefilled with the respective test compounds or control solutions. Plates were repetitively scanned every 60 s (10 baseline cycles), and YO-PRO-1 fluorescence increases after ATP (1 mM) injection was followed for up to 100 min (100 cycles). Fluorescence was normalized to initial intensities before ATP application and intensity values at the end of an experiment (90 or 80 min) were evaluated. After washing in TBS three times, cells were incubated with the secondary antibody Cy3-conjugated donkey anti-rabbit IgG [1:800] , and microglial cells were co-stained with a Cy2-conjugated donkey anti-mouse IgG [1:400] (Jackson ImmunoResearch, West Grove, PA, USA) in TBS (0.3 % Triton X-100/5 % FCS) at room temperature for 2 h. At the end, cell nuclei were counterstained with Hoechst 33342 (16 μM for 10 min; Invitrogen, Darmstadt, Germany). After washing in TBS and short dipping in deionized water, coverslips were air-dried, sequentially processed through 100 % ethanol and n-butyl acetate and subsequently covered and mounted with entellan (Merck, Darmstadt, Germany). Control experiments were carried out without the primary anti-P2X7 antibody. The specificity of the used anti-P2X7 receptor antibody was further tested by pre-incubation with a control peptide (immunogen, aa 576-595 of C-terminus of the rat P2X7). The immunofluorescence was visualized using a confocal laser scanning microscope (LSM 510 Meta, Carl Zeiss, Oberkochen, Germany) at an excitation wavelength of 543 nm (red Cy3-fluorescence) and 488 nm (green Cy2-fluorescence), applying appropriate emission band-pass filters. For detection of Hoechst 33342 bound to DNA, an UV laser (351-362 nm) was used.
Calcein/ethidium staining
To monitor the effect of test compounds on high ATP (2 mM)-induced cell damage in HEK hP2X7 cells, poly-L-lysine-coated coverslips with 2-3 day-old cultures were washed twice in no-DIC HBS buffer, and compounds were added at the indicated concentrations. After 8-10 min, ATP (final 2 mM, pH 7.4 with NaOH) was applied for 20-25 min. The cell integrity was assessed using a combined calcein acetoxymethyl ester(AM)/ ethidium homodimer-1 viability/cytotoxicity staining kit (Molecular Probes/Invitrogen, Karlsruhe, Germany) following the manufacturer's instructions. Optimal staining was achieved with 2 μM calcein AM (for 10 min) and 1 μM ethidium homodimer-1 (for 2 min in the bath solution). Finally, coverslips were rinsed with no-DIC HBS, fixed in ice-cold methanol, and air-dried. The embedding procedure and confocal imaging (Carl Zeiss, LSM 510) were performed as described above.
Materials
The following pharmacological agents were used: ATP disodium salt, pyridoxalphosphate-6-azophenyl-2′,4′-disulfonate (PPADS) tetrasodium salt hydrate, reactive blue 2,
all Tocris, Bristol, UK); teniposide (TN) (Enzo Life Sciences, Lörrach, Germany); agelasine (AGL) and garcinolic acid (GA) were from Microsource Discovery Systems, Gaylordsville, CT, USA.
Stock solutions of drugs (10 mM) were prepared with deionized water (AZ 10606120) or DMSO (A-438079, AGL, GA, IVM, TN). ATP solutions were freshly prepared in Mg 2+ -free HBS buffer and adjusted to pH 7.4. Aliquots of stock solutions were stored at −20°C and freshly diluted with the appropriate HBS solution. The final DMSO concentrations never exceeded 0.5 %, a concentration that had no discernible effect on ATP-induced increases in [Ca 2+ ] i .
Statistical analysis
Results are expressed as means±SEM of the indicated number of experiments. Differences in the mean values in the YO-PRO-1 uptake assay and the calcein/erthidium viability/ cytotoxicity test were tested for significance by one-way ANOVA followed by a modified Bonferroni t test for multiple comparisons. P <0.05 was the accepted minimum level of significance. Concentration-response curves were fitted by using a four-parameter logistic function (Hill slope, E min , E max , IC 50 ) and a polynominal cubic function (GA), respectively (SigmaPlot 11.0; SPSS, Erkrath, Germany). The curves were approximated to a fixed low concentration value (generally 0.003 μM or lower in the case of A-438079 and AZ 10606120) as the asymptotic 100 % response. The IC 50 value is the concentration of a compound producing 50 % inhibition of the ATP (1 mM)-induced maximal [Ca 2+ ] i response (E max ).
Results
Academic screening of P2X7-modulating natural compounds was performed using a stably transfected HEK hP2X7 cell line. To this end, fluo-4-loaded cell suspensions were incubated with 800 different molecularly defined natural compounds at a final concentration of 20 μM in microwell plates, and P2X7 was activated by injecting ATP (1 mM final concentration) into each well during fluorometric analysis. Fluorescence intensities in single wells were normalized to the respective initial intensities of the well (F /F 0 ), and time-courses were superimposed. Outliers that exhibited a discernibly lower or higher fluorescence changes upon stimulation with ATP were annotated as primary hits. As a result of the primary screen and subsequent hit verification, several natural compounds were identified that facilitate or inhibit the ATP-triggered [Ca 2+ ] i response. The re-identification of two already known P2X7-potentiating natural compounds, polymyxin B and colistin, as well as P2X7 block by suramin confirmed the reliability of the assay. As yet unidentified P2X7-modulating natural compounds or derivatives included TN, which attenuated the ATP-induced Ca 2+ response, as well as AGL and GA, two P2X7-potentiating compounds. The chemical structures are illustrated in Fig. 1 . The following experiments were conducted to analyse the concentration-response relationship of the selected compounds in three different cell lines, including the recombinant HEK hP2X7 cell line and two cell lines in which P2X7 has been reported to be natively expressed: A375 human melanoma cells and mouse microglial cells.
Immunofluorescence analysis confirmed that all three cell types express P2X7. Representative confocal images of P2X7 immunofluorescence (Cy-3, red), combined with nucleic acid staining by Hoechst 33342 (blue), are presented in Fig. 2 . Strong punctuate immunoreactivity that co-localized with the plasma membrane was seen particularly on HEK hP2X7 cells (Fig. 2a ) and A375 cells (Fig 2b) . A weaker but still discernible positive immunofluorescence was observed on microglial cells prepared from brain tissue of C57BL/6 mice. Microglial distribution was ascertained by additional staining with a monoclonal mouse anti-rat CD11b antibody as a marker (Cy-2, green) (Fig. 2c) . Microglial cells prepared from P2X7
− / − -C57BL/6 m ice showed no P2X7
immunofluorescence (Cy-3, red) (Fig. 2d) .
Analysis of concentration dependence by [Ca
2+ ] i measurements
In HEK hP2X7 cells stably transfected with the human P2X7 receptor and loaded with the Ca 2+ indicator dye fluo-4, high ATP concentrations (1 mM) led to a long-lived increase in fluorescence intensity. Figure 3a illustrates the modulatory effects of the three investigated natural compounds as well as those of some reference substances: the competitive tetrazole P2X7 antagonist A-438079 [18] , the highly potent non-competitive P2X7 antagonist AZ 10606120 [19] and the antiparasitic drug IVM, recently described as a positive allosteric modulator of human P2X7 in the same cell line [20] . signals by AGL and GA required concentrations of 10 μM or higher (Fig 3c) . In addition, the potentiating effect of IVM was reconfirmed. Some preliminary studies revealed a small shift of the ATP concentration-response curve to lower ATP concentrations and an increase in the curve maximum (at 5 mM) by both compounds as well as IVM using a FLIPR Ca 2+ assay (not shown). Together, this action could reflect a positive allosteric modulation by AGL and GA, although indirect effects cannot be fully excluded. Intriguingly, the action of GA was attenuated at concentrations of 50 μM. Cytotoxic effects may be presumed by this high concentration (see also below). The selectivity of the compounds to modulate P2X7 but not other non-inactivating, Ca
2+
-permeable P2X receptors was tested with HEK293 cells stably transfected with human P2X4R (Fig. 4a) or rat P2X2R (Fig. 5a) . TN caused no inhibition of the ATP (3 μM)-induced [Ca 2+ ] i response in P2X4-or P2X2-expressing HEK cells. Notably, PPADS and reactive blue (RB2) in the low micromolar range caused a marked block on rat P2X2R (see Fig. 5b ). AGL and GA showed no modulating effects in P2X4-or P2X2-expressing cells. The latter even inhibited the response when applied at higher concentrations (Figs. 4b, 5b) . As expected, IVM (≥1 μM) exerted a strong potentiating action in HEK hP2X4 cells (Fig. 4b) .
We verified the modulatory effects of the selected compounds also in A375 human melanoma cells and in mouse microglial cells endogenously expressing P2X7. A more robust P2X7-related response was achieved by omitting The facilitating effect of AGL, GA or IVM was also seen in A375 melanoma cells (Fig. 6a, c) . Representative recordings of selected curves demonstrating blocking and facilitating effects, respectively, of the tested compounds. b , c Corresponding concentration-response curves, fitted by using a fourparameter logistic function or a polynomial, cubic function (GA, garcinolic acid; SigmaPlot). Data represent means±SEM (n =6-10 independent experiments). ATP-induced Ca 2+ responses are calculated in percentage of the respective controls with solvent alone. The curves represent the effects of agelasine (AGL, orange), garcinolic acid (GA, blue), ivermectin (IVM, brown), teniposide (TN, green), A-438079 (A43, red), AZ10606120 (AZ, rose) and PPADS (black). The controls were pretreated with HBS (yellow ) or DMSO (black), respectively, indicating no difference ] i response in HEK hP2X4 cells (fluo-4 fluorometry, microplate reader). Concentration-response curves: a P2X7-blocking substances and PPADS; b P2X7-facilitating substances. Data represent means±SEM (n =4-6 independent experiments). Substance abbreviations and further details, see Fig. 3 In mouse microglial cells, demonstrated to express P2X7 (but also other P2X isoforms), the ATP (1 mM)-induced [Ca 2+ ] i response was rather small. TN further diminished the fluorescence increase and, thus, revealed an inhibitory effect, but the potency of TN appeared to be low (IC 50 >10 μM) (Fig. 7a, b) . Of note, the established P2X7 antagonists also revealed a lower potency to block P2X7-like signals in mouse microglia. The calculated IC 50 values were for AZ 10606120 and A-438079 were 0.13 ± 0.01 and 0.12 ± 0.014 μM. In agreement with recent findings, PPADS (<10 μM) failed to inhibit mouse P2X7-like signals in microglial cells. AGL, GA and IVM showed a marked facilitating effect on the ATP response (Fig. 7a, c) . In experiments with microglial cells prepared from P2X7 −/− mice, ATP (1 mM) induced no clear increase in fluorescence intensity over the first 10 min, followed by slowly developing and very small increases (Fig. 8a) . Neither TN nor the established P2X7 antagonists AZ 10606120 and A-438079 influenced this small response (Fig. 8b) . Notably, facilitating effects by IVM were still found, indicating that P2X4 receptors are functionally expressed. AGL and GA affected the Ca 2+ signal in P2X7 −/− microglial cells only at the highest 50 μM concentration, hinting to toxic effects of the compounds at high concentrations (Fig. 8a, c) .
YO-PRO-1 uptake measurement
Repeated or prolonged activation of P2X7 may result in the formation of non-selective transmembrane pores permeable to large molecules up to 900 Da in different cell types [21] . We ] i response by AGL and GA (except 50 μM) in comparison with IVM. Data represent means± SEM (n =6 independent experiments). Substance abbreviations and further details, see Fig. 3 therefore investigated the pore formation using a YO-PRO-1 uptake assay. The dye accumulation in HEK hP2X7 cells as well as in A375 melanoma and mouse microglial cells was significantly increased by 1 mM ATP. The cells became permeant to YO-PRO-1 iodide (molecular weight 629.3), but, interestingly, remained mostly impermeant to ethidium homodimer-1 (molecular weight 856.8), a dead cell stain (see below).
As shown in Fig. 9a , a time-dependent increase in fluorescence intensity to about 1.8 can be observed in the presence of high ATP alone (DMSO, black) in HEK hP2X7 cells. Controls with HBS application instead of ATP (HBS/ (Fig. 9b) . From the positive modulators, GA significantly accelerated the YO-PRO-1 uptake, but AGL and IVM at 12.5-25 μM only tended to increase the ATP response. Thus, the dilatation of the P2X7 pore appeared unaffected by AGL and IVM. Notably, an increase in baseline fluorescence before ATP application was frequently observed with GA applied at a possibly toxic concentration of 50 μM.
In A375 melanoma cells, the ATP (1 mM)-induced timedependent increase in fluorescence intensity was significantly attenuated by TN as well as by the two P2X7 antagonists (Fig. 10a, b) . The positive modulators AGL, GA as well as IVM slightly facilitated the increase in fluorescence intensity, although this effect was not significant. Again, GA at 50 μM markedly raised the baseline fluorescence.
In mouse microglial cells, a time-dependent increase in fluorescence intensity was observed in the presence of high ATP. Remarkably, the controls without ATP application also exhibited a slow but sustained increase in fluorescence intensity (Fig. 11a) . Because this increase became more prominent at the end of the registration period (from 80 to 100 min), the values was calculated to 80 min. The potency of all tested blocking substances including AZ 10606120 and A-438079 was lower as in HEK hP2X7 or A375 cells (Fig. 11a, b) . TN revealed no statistical significance at concentrations of 6.3 μM. The facilitating effects of 12.5 μM GA, however, were significant. Comparable to the observed effects in A375 melanoma cells, the highest tested concentration of GA (25 and 50 μM), but in these cells also of AGL and IVM (50 μM each), induced a drastically increase in fluorescence intensity. It is assumed that these effects are primarily caused by cytotoxic actions. Finally, the modulatory effects of the three natural compounds and reference compounds on high ATP (2 mM)-induced cell damage in HEK hP2X7 cells was evaluated applying a live/dead staining-based cytotoxicity test. Figure 12a shows a representative photomicrograph of a living culture of HEK hP2X7 cells. The strong expression of P2X7 (Fig. 12b) per se did not affect the characteristic shape of HEK293 cells, including the elongated fibroblast-like adhesive structures. Likewise, nucleic staining by the indicator ethidium homodimer-1, a red fluorescent membrane-impermeable dye that indicates membrane leakage and dead cells, was seen in only 1.2±0.2 % of solvent-treated HEK hP2X7 cells (counted in 10-11 areas with about 80-180 cells, each; mean±SEM). Application of ATP induced cell rounding within about 20-25 min that was associated with strong diminished green fluorescence of calcein (as indicator for cell viability) and an increased fraction of ethidium-stained cells (5.7±0.8 %, P < 0.05 vs. HBS; Fig. 12d ). In experiments with longer incubation of ATP (60 min), the effects appeared even more pronounced, but the ongoing loss of adherence interfered with the staining process and subsequent quantitative examination. Pretreatment with 2 μM TN for 10 min before stimulation with ATP protected the cells against the ATP-induced decrease of calcein fluorescence and ethidium homodimer-1 uptake (1.6±0.2 %, P <0.05 vs. ATP), an effect that was also seen with the established P2X7 antagonist A-438079 (1.2±0.1 %, P <0.05 vs. ATP; Fig. 12e, f) . Pretreatment with the positive modulators AGL, GA and IVM (each 20 μM) caused a positive nucleic staining pattern in 6.2±0.8, 7.7±1.6 and 7.5± 1.8 % of the cells, respectively. Although these percentages display a trend towards higher fractions of dying cells, the differences to a treatment with ATP alone did not reach statistical significance (P >0.05).
Discussion
Academic screening of a library of natural compounds revealed that the human P2X7 can be modulated by three compounds that have not yet been linked to P2X7. A P2X7 inhibition by TN as well as a facilitating effect of AGL and GA was observed by fluorometric [Ca 2+ ] i measurements in stably transfected HEK hP2X7 cells as well as in A375 human melanoma and mouse microglial cells, both natively expressing P2X7. P2X2 or P2X4 receptors were not affected by these compounds. In a YO-PRO-1 uptake assay, TN suppressed the high ATP-induced pore formation of human P2X7, whereas in mouse microglial cells, these effects were less pronounced. GA facilitated the YO-PRO-1 uptake, albeit at higher concentrations than those required to enhance ATPtriggered increases in [Ca 2+ ] i . By contrast and reminiscent to recent findings with IVM, AGL did not significantly accelerate the dye permeation rate. Additional studies imply that TN, like established P2X7 blockers, protects HEK hP2X7 cells against high ATP-induced cell damage.
In recent years, numerous pathophysiological functions of P2X7 have been established. Of those, a considerable fraction relates to immunological and neoplastic processes. Consequently, the P2X7 has become an appealing target for pharmacological intervention, and efforts have been made to develop novel P2X7-selective antagonists as new research tools [22] [23] [24] . Owing to its strong expression in certain leucocyte lineages, P2X7 is known for mediating effects of ATP on the secretion of pro-inflammatory cytokines [3, 9, 25] . In the CNS, P2X7 activated locally by ATP release from glial and neuronal cells or more globally by massive ATP release from damaged cells has been linked to pathologies such as reperfusion injury after ischemic stroke, neurodegenerative or . Means±SEM (n =4 independent experiments). *P < 0.05, significantly different from corresponding ATP (DMSO) controls demyelinating diseases, brain trauma, neuropathic pain and mood disorders. Intriguingly, although most reports imply that P2X7 inhibition may exert beneficial effects under these conditions [7, [26] [27] [28] , others found opposing effects [29] . In various tumour cell lines and tissues, notably melanoma cells (including A375), breast cancer or mouse glioma, (over)expression of P2X7 has been reported. In some cases, P2X7 activation by ATP causes a decrease in tumour cell number [30] [31] [32] [33] . On the contrary, P2X7 activation may support cell proliferation, tumour growth or metastatic activity [34, 35] . Thus, for instance in human breast cancer cells or in a rat brain glioblastoma model, inhibition of P2X7 has been suggested as potential therapeutic strategy to slow the progression of tumours [36, 37] . Therefore, depending on the cellular context, P2X7 might limit or promote the proliferation of cancer cells. Given this, both P2X7 antagonists and selective P2X7 agonists or positive allosteric modulators might be of therapeutic value.
The semisynthetic, podophyllotoxin-derived TN, like the chemically related etoposide, acts as a topoisomerase inhibitor and thereby hinders the DNA replication during the S phase of the cell cycle to exert its strong anti-mitotic and anti-tumour activity [38, 39] . Teniposide is currently being therapeutically used in various disseminated and solid tumour entities, including leukemia as well as breast, ovarian and brain tumours [39] [40] [41] . In cancer patients, peak plasma concentrations of >30 μM have been reported, although a substantial pharmacokinetic variability has to be taken into account [42, 43] . One may, therefore, assume that P2X7-mediated activity will be at least partially suppressed under these therapeutic settings. Although beyond the scope of this study, a possible contribution of P2X7 inhibition to the biological activity of teniposide remains to be demonstrated. This may relate either to the anti-tumour activity of the drug or to its adverse effect, including myelosuppression, nausea, hair loss and others. However, it must be mentioned that TN may also affect other receptor systems, especially at high concentrations. Given the extensive anti-tumour activity of TN, this compound and related podophyllotoxins are promising candidates to be further developed as novel therapeutics for treating cancer [44] . Within this process, one may consider whether simultaneous block of P2X7 is a beneficial second mode of action or should be avoided.
Agelasines and related substances are natural compounds with a terpene-purine structure isolated from marine sponges (Agelas dispar and other Agelas spp.). More than ten such natural products are currently known. These compounds have gained attention because of their biological activity to confer cytotoxicity towards cancer cell lines (minimal inhibitory concentrations of ca. 1 μM; for review see [45] ), as well as their anti-bacterial, anti-fungal and anti-protozoal properties [46] [47] [48] [49] . New analogues have been synthesized with activities against Mycobacterium tuberculosis , protozoa such as Plasmodium falciparum and Leishmania infantum as well as against drug-resistant cancer cell lines [50] . Recent studies with AGL B demonstrated a potent inhibition of the endoplasmatic reticulum Ca 2+ -ATPase, activation of caspase 8, reduced expression of the anti-apoptotic protein Bcl-2 and induction of apoptosis [51] . Moreover, this compound induced cytotoxicity in two human breast cancer cell lines (MCF-7 and SKBr3) at IC 50 values of about 3 μM. The additional facilitation of P2X7 may assist in promoting apoptotic cell death in the presence of ATP (or the more potent agonist BzATP). It is conceivable that isoform-discriminating positive allosteric modulators like AGL could amplify the action of P2X7 agonists to increase their anti-tumour effectiveness. Furthermore, because high ATP could produce non-specific responses, combined administration with such positive modulators (may be also as add-on medication with chemotherapeutics) could be a better treatment modality in humans. In accordance with this, agelasines could be valuable compounds for the development of new anti-tumour drugs. In addition, augmentation of the P2X7-dependent elimination of intracellular mycobacteria in immune cells [52] may contribute to the antibacterial effects of AGL.
GA, a natural xanthone compound derived from the gamboge resin of several evergreen trees (e.g. Garcinia hanburyi and Garcinia morella), has a long history of medical use in southeast Asia. It was and still is being used in the treatment of chronic dermatitis, bedsore, haemorrhoids, tapeworms, etc. [53] . Only recently, pharmaceutical studies focused on the isolation of gamboge constituents and their anti-tumour activities [53] . For instance, gambogic acid, which is structurally related to GA, displays anti-tumour activity and has been shown to suppress anti-apoptotic Bcl-2 family proteins as one of its cytotoxic mechanisms [54] . In addition, cytotoxic activity against various human carcinoma cell lines in culture (IC 50 values of 2-3 μM) has been reported [55] . Thus, future studies may assess the possible involvement of P2X7 modulation in such biological activities.
Taken together, the present findings should provide a solid basis for further studies to clarify the mechanism of negative or positive allosteric modulation of P2X7 [56] . Because high concentrations of these compounds may also modulate other receptor systems or ion channels like it is known for IVM [20] , their selectivity must be verified in more detail. The potential for further structural modifications make the three natural products investigated attractive starting points for further optimization. However, clinical efficacy, e.g. the pronounced anti-tumour properties mentioned above, must not necessarily rely on a high selectivity for P2X7 alone, but may be the interplay of hitherto unknown diverse effects for each of the three compounds. In this regard, some of the natural compounds may offer advantages over highly selective synthetic substances. But further studies would be required to prove this. According to the exciting role of P2X7 signalling in inflammation, neurodegenerative disorders and cancer, selective antagonists but also various allosteric P2X7 modulators may represent appealing new strategies to complement current therapeutic and to tackle diseases with high unmet medical needs.
